The effects of calcium fluoride (CaF 2 ) additions on the densification and mechanical properties of hydroxyapatite-zirconia composites (HA-ZrO 2 ) were investigated. When small amount of CaF 2 was added, the density of the composites was markedly enhanced. The reactions of HA with CaF 2 , which led to the formation of fluorapatite (FA), were attributed to the observed improvements in densification. When HA-20-vol%-ZrO 2 composites were sintered, with the addition of 5 vol% of CaF 2 , in air at 1300°C, the density of the specimen approached 98% of the theoretical value. The flexural strength and fracture toughness of the composites were also improved, as a result of the enhanced densification.
I. Introduction
H YDROXYAPATITE (HA, Ca 10 (PO 4 ) 6 (OH) 2 ) ceramics have been widely used as substitute materials for human bone and teeth, because of their excellent biocompatibility. [1] [2] [3] However, their relatively low strength and fracture toughness have restricted wider applications. To overcome this limitation, reinforcing agents have been introduced, in the form of particles, platelets, and fibers, to form HA-based composites. Zirconia (ZrO 2 ) is one of the most widely used reinforcing agents, because of its superb strength and fracture toughness. However, when zirconia (ZrO 2 ) is added to HA, the temperature at which HA decomposes to tricalcium phosphate (TCP, Ca 3 (PO 4 ) 2 ) is reduced, resulting in a detrimental effect on the densification and mechanical properties of the sintered bodies. 4 Much effort has been exerted to overcome the reaction between HA and ZrO 2 . Sintering in a wet atmosphere 5 or the addition of ZrO 2 particles coated with Al 2 O 3 6 each has been effective in suppressing the reaction. However, in most cases, hot-pressing 6, 7 or hot isostatic pressing (HIP) 4, 8 processes, which have many technical and economic problems associated with them, still are necessary to obtain HA-ZrO 2 composites with high densities.
Even though fluorapatite (FA, Ca 10 (PO 4 ) 6 F 2 ) is known to have greater thermal and chemical stability than HA, 9 -11 only a limited amount of research has been conducted on the sintering behavior and mechanical properties of FA and FA-based composites. 12 In this study, the stability of HA-ZrO 2 composites was determined to be enhanced by the formation of FA during the sintering process. This FA was formed via the addition of small amounts of CaF 2 to the HA-20-vol%-ZrO 2 system and sintering in air. The effect of these additions on the FA formation, densification, and mechanical properties of the HA-ZrO 2 composites was investigated.
II. Experimental Procedures
High-purity HA (Alfa Aesar Co., Ward Hill, MA) and ZrO 2 (3Y-TZP, Tosho Co., Tokyo, Japan) powders were used to fabricate HA-20-vol%-ZrO 2 composites. CaF 2 in a range of concentrations (up to 10 vol%) was added, and the mixed powders were milled in ethanol for 24 h, using ZrO 2 balls as media. After milling, the mixtures were dried in a rotary vacuum evaporator, passed through a 70-mesh screen, cold isostatically pressed (CIPed) at 300 MPa, and then sintered in air at various temperatures (900°-1500°C) for 1 h. The heating rate was 10°C/min, and the cooling rate was normal furnace cooling.
The apparent porosity was measured using the Archimedes method. The microstructure of the specimens was observed via scanning electron microscopy (SEM) after the specimens were polished with diamond slurries down to a 1 m finish. The composition of the specimens was characterized using X-ray diffraction (XRD) patterns. Lattice parameters were calculated from the XRD results that were obtained, using silicon standard powder, to investigate the structural changes that occur during the sintering process. The specimens for mechanical testing were machined into a bar shape with dimensions of 3 mm ϫ 4 mm ϫ 25 mm and polished with diamond slurries. The flexural strength was determined using a four-point flexural configuration with a crosshead speed of 0.5 mm/min, with inner and outer spans of 10 and 20 mm, respectively. The fracture toughness of the specimens was determined by the indentation-strength (I-S) method. 13 After the polished surface was indented with a Vickers indenter at a load of 49 N for 15 s, the fracture strength was measured using the previously mentioned four-point flexural configuration.
III. Results and Discussion
The densification behavior of the HA-20-vol%-ZrO 2 composites was markedly improved by small additions of CaF 2 . Some typical microstructures of the specimens after sintering are shown in Fig. 1 . When the composite was sintered in air at 1350°C for 1 h without CaF 2 , the specimen exhibited poor densification, as shown in Fig. 1(A) . However, when a small amount (5 vol%) of CaF 2 was added to the composite, the specimen displayed almost full density, as clearly illustrated in Fig. 1(B) . The effect of CaF 2 on the densification of the HA-ZrO 2 composite is quantitatively shown in Fig. 2 . Without CaF 2 , the apparent porosity of the composite after sintering at 1350°C was Ͼ30%. Even though densification of the composite began to occur actively at temperatures of Ͼ1400°C, HA was seriously degraded through decomposition to TCP, as will be discussed later. However, the addition of CaF 2 allowed the HA-ZrO 2 body to attain full densification; moreover, the densification temperature steadily decreased as the amounts of CaF 2 increased.
The role of CaF 2 in the HA-ZrO 2 composites was analyzed using XRD patterns, as shown in Fig. 3 . When the composite without any CaF 2 was sintered at temperatures of Ͼ1100°C, strong ␤-TCP and CaZrO 3 peaks were observed, at the expense of HA This equation indicates that, in addition to the formation of TCP and water vapor, the Ca ions in the HA diffused into the tetragonal ZrO 2 (t-ZrO 2 ) to form CaZrO 3 and cubic ZrO 2 (c-ZrO 2 ). In contrast, when 5 vol% of CaF 2 was added to the composite (pattern "(B)" in Fig. 3 ), a negligible amount of TCP was detected. However, CaZrO 3 and c-ZrO 2 were still observed and no CaF 2 peaks were observed. Therefore, the CaZrO 3 or c-ZrO 2 are presumed to originate from the CaF 2 rather than from the HA.
These XRD patterns suggest that, when CaF 2 is added to the HA-ZrO 2 systems, the F ions are thought to react with HA to form a fluorapatite (FA) in a manner whereby some of the OH ions in the HA are substituted with the F ions in the CaF 2 . This substitution could alter the HA lattice parameters, because HA and FA form a solid solution over a wide range. The variations in lattice parameters calculated from the XRD patterns are shown in Fig. 4 . As the CaF 2 contents in the composite increased, the a-axis lattice constant decreased remarkably whereas that of the c-axis (f) a-axis and (E) c-axis) , as a function of CaF 2 addition, after sintering at 1150°C for 1 h. increased slightly. These results concur with those made by Legeros et al., 14 who reported that the substitution of F Ϫ ions for OH Ϫ ions in HA causes a contraction in the a-axis without any significant effect on the c-axis.
The improvements in sinterability and microstructure had a strong influence on the mechanical properties of the HA-ZrO 2 composites. The flexural strength and fracture toughness of the HA-ZrO 2 composites, versus the amount of added CaF 2 , are shown in Fig. 5 . When the composite without any CaF 2 was sintered at 1350°C, the mechanical properties were not particularly high: it had a strength of just 35 MPa and a fracture toughness of only 0.7 MPa⅐m 1/2 . Interestingly, these values are very close to those of pure HA that has been sintered in air. 2 However, the mechanical properties were markedly enhanced by adding 5 vol% of CaF 2 to the composites; strength and fracture values of 130 MPa and 1.5 MPa⅐m 1/2 , respectively, were observed. These improved mechanical properties were attributed to the reduction in porosity that resulted from the addition of CaF 2 . In this case, even though the reinforcing capability of the ZrO 2 was somewhat reduced because of the transformation to the cubic phase, it nevertheless acted as a reinforcing agent for the HA. In reality, several reports on the reinforcing effect of c-ZrO 2 on other ceramics have been made. 15, 16 Microstructural refinement with the incorporation of ZrO 2 is another possible reason for the observed improvements in mechanical properties. 17 This pressurelessly sintered HA-ZrO 2 composite with improved mechanical properties is a promising material for biomedical usages. Moreover, the use of c-ZrO 2 might be advantageous over the tetragonal phase, because of the possible aging phenomenon of t-ZrO 2 in a physiologic environment.
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IV. Summary and Conclusions
The sinterability of the hydroxyapatite-zirconia (HA-ZrO 2 ) composite was significantly improved by the addition of small amounts of CaF 2 . When 5 vol% of CaF 2 was added to HA-20-vol%-ZrO 2 composite and sintered in air at 1300°C, the density of the resultant composite was Ͼ98% of the theoretical density. The formation of fluorapatite (FA) during the sintering process was attributed to the improvements in sinterability. The mechanical properties (flexural strength and fracture toughness) of the composites were also enhanced, as a result of the density improvement. 
